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ABSTRACT 





To investigate the formability and high temperature 
Gomcite strength of Al-Al-Ni fiber composites, direc- 
tionally solidified tensile specimens were grown in a 
moaarrclc run furnace, The specimens were grown at. four 
Browth rates ranging from 3.5 to 9.4 cm/hr, and two 
mickel weight fractions, 6.13 and 6.2 wt 4 Ni. Test tem- 
peratures ranged from room temperature to 500°C. The 
MmeomilcS Snowed a steep decrease in tensile strength wich 
increasing temperature. Above 250°C, however, the tensile 
strengths leveled off. The 6.2 wt %@ Ni composite showed 
better strength than the 6.13 wt % Ni composite. The ten- 
Sile strengths increased with increasing growth rate from 
bee cto «5.2 em/hr. At yet higher growth rates, it was 
found that microstructural defects were more prevalent than 
at the lower rates and the strengths decreased. The de- 
ious Cneounvercd were fiber depleted grain boundaries and 
beamed areas of misaliened fibers. When both defects 
Securred Simultaneously, the specimen failed in matrix 
shear with a low ultimate tensile strength. The percentage 
elongation of the sanples was generally from 1 to 3% before 
the ultimate strength was reacned. For those samples that 
aaa SULTICLently adefecbive microstrucvure, elonearion 
Wis ExLensSive after yield and occurred uniform, over vie 
gage length. Multiple shear planes were aligned parallel 
te une eventual failure plane. Strain rave sensivivicy 
tests on specimens that showed unusual elongation after 
Parcid resulted 2n 2 Low strain rate sensitivity index 
that decreased with increasing % elongation. 
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I INTRODUCTION 


In recent years considerable study nas been devoted 
Meethe field of unidirectional Solidification of eutectics. 
Hunt and FeyeleBienae 8 have presented a theory whereby a 
eutectic type microstructure will result over almost the 
eapire Composition range. A fiber type microstructure 
Will result, given the proper purity, solidification rate, 
Pema temperature gradient at the liquid-solid interface. 
Mollard and Flemings? Conciugdea Tne thers. possi bh leaie 
mainvain a plane solidification front in alloys far from 
the eutectic composition. However, small changes in the 
maueriace velocity have @ significant effect of fluctua- 
tions in the Solid concentration. They also concluded 
Mec the temperature at the liguid-solid interface is the 
eutectic temperature regardiess of the composition. 

The result of unidirectional motion of the planar 
liguid-solid interface is a eutectic microstructure which 
Persists Of two phases aligned parallel to one another, 
The micromorphology produced is either parallel lamellae 
ormealtwernating phase, or lone thin parallel 1ceds ot onc 
phase i a Continuous mMavraix of the otners | imapurit ree 
cause a. DreaAkdowim, 1n the planar vinvertacem Testa wee 


F he . 
emLectic colony microstructure: however, in-arpuricy 





oe 


Pou rerled envectic, the formevzion of plates or rods has 
been snown to depenc on the solidification rate, 5,6 

In their study of the AL~AL3Ni eutectic, Lemkey, 
ferezvers. and Ford®? Conciudea thar ene unidirectional ly 
eeeidified eutectic is normally of the rod type micro- 
morphology, With the inter-rod spacing inversely propor- 
mrone! to the square root of the solidification rate. 
aie ALN ClNlGeCELe Was POUMd COsnave a Critics! Sclidit.- 
cation rate at 2.6 cm/hr. Below this rate the eutectic 
fromic form into platelets rather than cylindrical rods, 
Fexcailel eutectic growth was obtained from melts convaining 
from 5.7 to 6.4 wt %@ Ni. The actual eutectic composition, 
however, was determined to be 6.18 + 0.05 wt % Ni. 

Mic=euLeCClT LCE nOas Micre Slow COmpeiaveG is Wikhowem 
Feiniorcement to the matrix. Room temperature tensile 
strengths of the composite have been averaged at 40000 
psi, Whereas the tensile strengths of the as cast eutec- 
tic and matrix material were avereged at 13000 and 8000 
oS: respectively. & 

Specimens directionally solidified at rates from 1.1 
to 28.7 em/hr were tested at room temperature. / Of 
twenty-cne samples tested, sixteen failed at the shoulder 
of the gage section. It was thought that tool markings 
@m the specimens caused the scatter in the data. However. 


OM Grewinings the MecroSserucunre Cl UNG) leer reese Come 





was fTound that two microstructural defects were the 
DPrimeryecause of the scatter. The most serious defect 
W2s a narrow See DavicetericiG cular Lo the erowcn 
Me ection in which the matrix was depleted of eutectic 
Whiskers. Failure always occurred at these annular 
bands. The second defect was again a depleted zone of 
Mmaeskers in the matrix parallel to the growth direction, 
(Figure I) 

Me Ves, Fesulvts showed a2 definite increase in Troon 
memperature tensile strength with increasing solidificea- 
tion rate. As the fibers became thinner and more closely 
spaced, the strength increased. The measurea interfiber 
spacing, ) (microns), was found to vary with the growth 
rate, R (cm/hr), according to the relation: 

MoS lassie = On 

Kelly and Daviesit postulated that at small angles 
Seemaisorzentation of the fibers with respect Co the ten= 
Pewee axic the Lensiie stress transicrred from the merc. 
to the fibers wovld decrease. The resulting tensile 
strength would increase with the inverse square of the 
Cosine of the angle of misorientation. AL the criticel 
angle, however, the matrix will feil in shear, With 
increasing temperature, the matrix shear strength gsener- 
ally decreases more rapidly than the fiber strength, thus 
deécreasine the critical ansle. “This increases vnew cen 


dency for shear feilure with increasing temperature in 
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eaplecmmith misaligned fibers, George, Ford, and 
Salkind? examined the room temperature anisotropic be- 
Hevlor of the AL-A13N1 composite by varying the tensile 
Pees With respect to the fiber orientationg They con- 
eauaed thet the whiskers provided considerable strength 
to the Al matrix even when the tensile load was perpen- 
mreulor tO the growth axis. Specimens were tested with 
the fiber orientation aligned at 0, 25, 45, and 90 
G@ieerees to the tensile axis. Deformetion Was primarily 
Ipy Shear of the matrix, the fibers providing inter- 
merence tO most slip systems, With the rod type whiskers, 
grown at 3.25 cm/hr, the tensile strength decreased from 
over 45,000 psi at 0 degrees orientation to an average of 
10000 psi at 90 degrees fiber orientation. From the ex- 
perimental findings, the critical angle of fiber mis- 
Smrenvaction iS about 10 deprees for the rod type fiber 
mocphology. 

Bayles, Ford, and Salkind!° have investigated the 
emiect Of long periods at high temperavure on the wacire— 
eEtructure and tensile strength at room temperature of Tne 
Al~Al3Ni composite. It was found that the composite re- 
tained its room temperature tensile strength after heat 
treatinent in spite of a mild coarsening of the micro- 
emructure, <Jhis coarsening of microstrucuure ties found 
to occur at high temperatures close to the eutectic tem- 


PElauure, and tt varied With the initia ogee. = 





~5- 


maeyscom@elnced taat the Crivine i1orce for coarsening is 
the lowering of interfacial energy by lowering the inter- 
meclal area of the two phases, Althougn the interfiber 
spacing increased after heat treatment, the tensile 
serength depends only on the fiber strength and the volume 
Mmeacli0n of fibers Which did not change. 

This investigation was initiated to determine the 
fenecty O1 inberfiber spacing on the tensile strength 
Smorecteristics of AL3Ni fiber reinforced aluminum, tested 


at elevated temperatures. 





II EXPERIMENTAL PROCEDURES 


A. MELTING 


AT Ra 





Three separate melts were made in a graphite crucible 
im air with an induction furnace. Two three pound charges 
of 99.999% pure aluminum and 99.99% pure nickel were measured 
for a resultant 6.13 wt @ Ni alloy. The third three pound 
charge Was measured for an alloy of 6.2 wt 4 Ni. After 
melting, the material was held at approximately 250°C 
Superheat for fifteen minutes to allow thorovgeh mixing by 
Memvection. in addition the melts were stirred and im-- 
purities skimmed off the melt with a graphite rod during 
tne Superheat period. The melts were then poured into a 
carbon mold which had been preheated to 800°C and baked 
for cthree hours. The cast ingots from the mold measured 
mic anches long by one-half inch in diamever. The cesy 


ingots Were essentially oxide and hydrogen free. 


B. PREPARATION OF INGOTS FOR DIRECTIONAL SOLIDIFICATION 

Mme ANSeLs Were turned On @& lavne  lorremovc eyes ac. 
imperfections and then heat treated for two hours at 
560°C. Tre heat treated ingots were then swaged to a 
diameter of 0.241 inches. It was found that without the 
two hour heat treatment after machining the cast ingots 
Would develop surface cracks after two swage passes. 

The swarmed rods were cut into 6.5 inch lengths and 
Cleanee With al pet Solution Of hyaror louvre ace 


ma re 
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water. The rods were then ready for directional solidi- 


forest iON. 


C., DIRECTIONAL SOLIDIFICATION 

Pour solidification rates were utilized; 3.5, 5.2, 
6.9, and 9.4 cm/hr. Four rods in a carbon boat were 
raised to 700°C in an argon atmosphere. When the resis-~ 
tance source and boat were at temperature, a cold water 
Meat sink at the base of the boat was turned on. The 
chill system provided a temperature gradient of from 20° 
to 30°C/cm across the liquid~solid interface. After 
Mattane fifteen minutes to allow the temperatures to 
Stabilize, the resistance furnace Was raised vertically at 
ite preset Speed. Solidification commenced at the same 
rate as furnace travel. (See Appendix B for. furnace 


eomorol details) 


tee LENS ILE TESTING 

it was found that fiber orientation Was considerably 
Mes2ilipned ab the bottom and top of the directionally 
solidified rods. Therefore 3/4 inch was cut off the top 
and bottom of each six inch rod. Two tensile Specimens, 
erandard 0.250 inch diameter, 1 inen gace llenstn were 
machined from the remaining rod. "X20 threads were 
Mechined for the grip ends. 

Pensile testing twas dene on @m Instren tenes le umacwiic 
wich tie 1000 lbs Joad celica A tHelve tnch wey anaes 


Clamsheli-type resistance furnace “as separately mounted, 





Ejele 


surrounding the test specimen. The furnace provided a 
Mimieorn Femperabure one Of LMO anches over tne sample 
which was constant to £1°C. (See Appendix B for tensile 
test furnace details) 

Specimens of each of the four growth rates and Che 
two weight percent compositions were tested at a crosshead 
speed of 0.01 "/min, at room temperature (22°C), 250°C, 
375°C, and 500°C. Three specimens at the 500°C tempera- 
ture exnibited considerably larger elongations than had 
feet previously observed. For two of these specimens the 
crosshead speed was reduced to 0.0002 "/min and then in- 
creased back to 0.01 "/min twice during the course of the 
test. From the load versus elongation data obtained, 
Serain rave Sensitivity exponents were calculated from 


the relation 


n= d_ing 
de iis 


Micmemos lS the true Suress, and <« is whe lrme Strainer, 


All the samples tested at 250126 were mounted in bake- 
Mmrre tO Cxamine thelr microstructures aL Une ractu.c meee 
three samples that showed unusual elongation at 500°C and 
Qmewtnat did mot Were also examined.” All resuirs endwor- 
Semvavions, includine vilimete tensile streneun, -bercen: 
elongation at ultimate tensile strength, strain rate sensi- 
tivity of those samples tested, tyve of fracture and 


microstructural pnenegens ere Lanpulatved in 20cm | 
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Riecmcr meCnilOnal SO! 1fieation Of 6,13 and 6.2 wit % 
ha composites resulted in complete parallel alignment of 
the fibers at only the 5.2 cm/hr growth rate. The other 
Paeoweh rates resulted in microstructural defects as snown 
in Figures I and II. The first of the two types of defects 
noted was fiber depleted grain boundaries (Figure I.a., b, 
and c.) with the fibers having varying degrees of misalign- 
ment with respect to the growth direction. The second de- 
fee, “as @ misalignment of groups of fibers with respect to 
each other resulting in a banded effect (Figure II.a., and 
oe 

ioe witainate tensile screngtns ior vhe AL-AL ANA eucvec-— 
tre ore shown as a function of temperature for tne four 
@eoutn rates in Figures ITI, iV, V, and Vi. The tensile 
strengths of the 6.2 wt @ Ni composite was greater than 
the 6.13 wt @ Ni, the exceptions resulting from defects in 
moperostructure., Figure Vil demonstrates the comparative 
average tensile strengths at each growth rate as a func- 
imemeol temperature, The best overall’ growth Trace ecw 
tensile strength at high temperature was found to be the 
5.2 cm/hr rate. 

Figure VIII demonstrates vhe contrast in the two con- 


figurations of stress-strain diagrams that were obtained 
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during testing. The tensile test specimens that are 
starred in the % elongation column in Appendix A were the 
particular samples that shoved unusual elongation after 
yielding. 

emcee cus OC mimom in OCT COUN and ancerr liber Sspacin= 
HMeesurements are given in Figure Ix. The slope of the 


interfiber spacing, (microns), versus the inverse square 


o 


= wk 
root of the growth rate, R * (cm/hr) 7, was determined to 
sly Bye a 3 fe . ae e 

be 4.25 x 10 cm?/“nr =, Photographs of the micro- 
Serucuures Of the four growth rates are shown in Figure 
er Oe, Co, and d. 

Pnewresuilts, OO; tne Surain rate sensitivity test are 
Cabulated in Table 1. The value of the strain rate sen- 
Beeeivity Cxponent, n, Was found to be smail, and it 


decreased with increasing %© elonzation. 
i) <> 


TABLE 
MELT / GROWTH % 

SPECIMEN # RATE WE % Ni ELONGATION | on _ 
BY 62 6.9 em/hr One 2.445 0.1847 
8/62 6.9 om/hr Gone bb 43 C2117 2 
3/64 9.4 cem/hr eZ He O4 OZ 31 


3/64 9.4 om/hr 6.2 6.08 Ou OO? 
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Fieure I,a, Faber derleted 
grain boundary, Cross~ 


section view. 900 x 


Fieure I,b,. Fiber derleted 
erain bewndaries, longi- 
tudinal view, with fractured 


fibers. 900 x 


Firure I,c, Fiber depleted 
erain boundary, longitu- 
dinal view, with fractured 
fibers, missing sections 


removed in polishine, 


9NN0 x 
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Figure X.b, 5.2 cm/hr growth 
rate, interfiber spacing, 
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Von pile CUso TON Ole RESULTS 


i, FIBER SPACING 

The measurement of fiber Spacing for each growth rate 
was made by linear and area& counts. The results shown in 
Figure JX are in good agreement with those of Hertzberg, 
Lemkey, and Ford. ¢ As the solidification speec increased 
mae eutectic AL3NI prefers the low surface energy rod 
Meemavion. The fiber diameter and interfiber spacing be- 
comes progressively finer as growth rate increases. Along 
ie grain boundaries, however, considerabie coarsening of 
merucvure takes place. In Figure I.a., b., and ¢., these 
Moarse fibers can be seen in both the cross-secvional and 
ieneitudinal views. In Appvendix A, the tabulation data 
Mmreludes the number of grains that were counted in the 
Smoss Section of those specimens that were microscopreslily 
exsomineds The general trend cf the observations is vhat the 
mumber of grains in the cross section tends to increase mith 
moacreasing Solicification rate. AS will be eee later 
mG 1s believed that transient distrubances in the solidifa-— 


feb iOn process GO not damp Out 2l Ene nicer gcrouva 1otce. 


B. ROON TEMPERATURE TENSILE STRENGTH 


Although the strongest specimens were equivalent in 


strength in this investigation to the results reported by 


~li- 
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peer wae. Lemkey, and Ford; ¢ the average tensile 

percneuns at room temperature do not compare favorably. 

Mm. tne earlier work, it was found that the tensile strength 
miereasced With increasing solidification rate in tne range 
covered by this investigation. They also found, however, 
aev defective microstructures considerably reduced the 
wensile strength of the composite, in agreement with the 


ipeecseny Work, 


C. VARIATION OF WE % Ni IN TBE COMPOS TTE 

Composites containing 6.13 and 6.2 wt % Ni were 
ma recvionaliy solidified to investigate the erfect of 
mrecwel content om tensile strenesth. The range of eutectic 
Composition as reported by Lemkey, Hertzberg, and pemae is 
6.18 £0.05 wt @ Ni. The results demonstrate that the 
hNhigner percentage nickel composite had the same tendency 
mo SOolidify wivhn more grains as the prowth rete was in- 
creased. The 6.2 wt % Ni specimens, however, were gener- 
ally stronger both at room and high temperatures (see 


meomres L1l, IV, V, and Vij}. 


De BENSILE STRENGTH AT ELEVATED TEMPERATURE AND ITS 








DEPENDENCY ON MICROSTRUCTURE 

As the temperature of the tensile tests was increased, 
the average tensile strengths decreased rapidly (see 
Figure VII). Above 250°C, however, the strengths leveled 


Offi, At enon vemperature and growth rate there was con 


Sidereble scatter in the results; therefore the average 





ae 


venue Seretwis omen Nou mle cesscorily representative of tine 
Gomposites! actual behavior. 

The first group of 250°C test specimens examined were 
numbers 1/17, 3/25, and 3/26, which were grown at 3.4 
en/hr. Number 1/17 failed witn a jagged cross-sectional 
break (see Appendix A., Figure XIII) and exhibited good 
mreoneoi.,  lhnree prains Were counted in the cross section; 
mowevyer, the fibers were well aligned on poth sides of the 
Peein boundaries, This was the only specimen in whicn 
broken fibers within the grains (not at grain boundaries) 
were in evidence (see Figure XI). Sample number 3/25, 
Which failed with a cross section (cone) break, had the 
mecnest SLrensth of the three. There Were no grain boun~ 
daries in its cross section, and the alignment of the 
fibers longitudinally was excellent. Specimen number 3/26 
hed two grains in its cross section, and it failed in 
jagszed matrix shear. Figure XII demonstrates the multiple 
shear planes of the jagged shear failure. The entire left 
portion shown in the figure has sneared in a plane parallel 
tO the actual failure plane. The fibers can be seen to have 
iecl) DENCL an oie loweceright hand corer, in order to elign 
themselves parallel to the shear plane. The overall align- 
Metiy Was excellent om both sices cof the grain boundaries, 
Although there were no broken fibers within the grains, 
the course fibers in the grain boundaries had fractured 


(see Figure I.b and c.). 
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Piewure XI, fractured fibers, 
not at grain boundary. 


9N0 x 





Figure XII, Secondary shear 
failure rlane parallel to 


shear fracture rlane, 150 x 
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Specimens number 1/20, 3/27, and 3/28 were examined 
in the 5.2 cm/hr grouth rate group. Number 1/20 failed 
me che threaded grip So its strength is not plotted in 
Proure IV. Lhe alignment of fibers in all Chree samples 
was emcellent, and there were no grain boundaries in the 
cross sections. Specimen numbers 3/27 failed in cross 
section (cone), whereas number 3/28 failed in jagged 
eross section. The microstructure of 3/28 indicates that 
failure commenced in matrix shear. The sheer line, how- 
ever, was halted by fiber intervention, and the sample 
men railed in cross section, 

The microstructures of the 6.9 and 9.4 cm/hr srowen 
rate material demonstrate the effect of the rumber of 
Brains in the cross section and fiber misalignment on the 
type of fracture and strength characteristics of the con- 
posite. Specimens number 2/21 and 3/29 had one and two 
grains in their cross sections respectively, and both 
failed in jagged cross section. In Samples number 2/22, 
2/23, 2/24, 3/30, 3/31, and 3/32, however, all had four 
Or more Srains in Gheir Cross ceCeuonms same sbiley ea 
failed in matrix shear. Wherees the fiber misalignment 
between grains was less than ten degrees in the samples 
that failed with a cross section break, the maximum mis- 
alignment in the shear failure samples ranged. from ten 
degrees in sample 3/32 to thirty degrees in samples 2/24, 


B/30;-and 37340 Via eda teases Cem Neamt or 
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samplesphad fractured coarse fibers at the grain boun- 


ma elress, DoOtM ab and away from the sneared surface. It 


therefore appears that the mode of failure and the ulti- 


mate tensile strength is directly dependent cn the number 


er grains in tne cross section, and the maximum angle of 


masorientation of the fibers. 


Pos 


Sible reasons for the defective microstructure are 


as follows: 


ae 


Vibrations during growth--althougn the directional 
solidification furnace Was snock mounted on rubber 
Dats VUbrarNOns fol TOC Vlals 1c mC ot eo wcmme ecm 
transmitted to the carbon boats Simultancousis,. 
vV.bretvions could have atfected Ther ciuntesouei2aL 
system of the drive gearing, causing fluctuations 
in the DC motor drive specd, 

heat transfer--changes in the flow rates of argon 
gas through the Vycor tube and the chill water to 
the heat sink may have varied the convective neat 
Teanst Cr Chavec ve tia omemina int solidification. 
too], markinzgs--a pointed cutting tool was used 
when the carbon boat Was turned on a lathe. The 
resulting Cool markings evidently provided 
nucleation cites for soliditreari0n. AS Weng eres 
Previously aia wne experimental procedure. era 
DOLUTOM SCCuLOn ef) 2)) “rodsvor O11 Sr OnUner ce 


was found to be multigrained with banded 





re 


misoriented fibers. At Slow growth rates the 
microstructural defects were largely eliminated 
after 4 to 3/4 " of growth. At the higher rates, 
nowever, Uiecesrowtun Gderects continued over che 
Sige alga WM Usyelaqnialy 

Any one or combination of the above possibilities would 


Mave DOCN SULLiCient Co cause irrepulear growvunh, 


E. ELONGATION PHENOMENA 

The normel stress vs strain characteristics are 
imoit ted by curve “a of Figure Ville) After reaeniae wie 
Ultimate strength at between 1 and 3% elongation, the 
muLeas dropped oft “sharvly Go Zero. DOS Of Chew opceumene. 
mowever, showed considerable elongation after yielcing. 
In Appendix A the values given under % elengation are 
those atv which tne specimens reacned their ultimate ten- 
eile Strength, <All Sainples that shcwed large elongation 
after yield are starred With &n asterisk after the clonsga- 
tron figure. 

The microstructures of specimens number 2/54, 2/55, 
3/63, and 3/64 were exanined to determine the cause of the 
unusual elonsation.» The specimens vere also examined san 
mediately after testung to determine general differences 
pn fracture. The sharp drop in stress 3 curve "a eer 
Figure VIII was characteristic of specimens that railed 
in both shear and tensile cross section. The shear 


failure specimens, however, did not clongate uniformiy 





mine 


ever tie gaze length; necking occurred in the fracture 
area. Specimen number 3/63, which failed in tensile 
cross section, hed two grains in its cross section. The 
fibers were well aligned, and no broken coarse fibers were 
seen in the grain boundary. 

ine specimens that had large elongation after yield 
mei iailed in matrix shear. \Investigzavion of tne rfeialed 
samples showed that the gage section had elongated uni-=- 
formly. Chevron markings were in evidence where the 
Mavrix had failed in Shear away from the final fracture, 
Study of vhe microstructures of specimens number 2/54, 
2/55, and 3/64 revealed shear lines parallel to the frac- 
wure surface where the fiber ends had turned slightly to 
align themselves with the shear line (Figure XII). The 
Specimens had a number of fiber depleted grain boundary 
regions where the coarse fibers had fractured. Across 
the grain boundaries, the fibers were well aligned in 
specimens 3/63 and 3/64. The increased strength and uni- 
form Clongatton alone tne eaege leneth et These Toss. 
ples indicate that the fibers were misalisned with respect 


to the tensile axis. The fibers in specimens 2/54 and 


aol 


2/55 were misaligned across the grain boundaries by 15° 
and 10° TeEspecvively. 
Although the fibers provide considerable resistance 


to matrix shear, the combination of fiber misalifnnent and 





aoe 
fiber depleted grain boundaries allows uniform deformation 


in parallel shear planes along the gage length. 


ie oOlRAIN RAeeSeNSITIVITY 

| The strain rate sensitivity tests (Table I) showed 
mat Ene Strain rate Sensitivity exponent Was low. The 
fiber composite, thererore, has little tendency for super- 
plastic deformation. With increasing elongation, the 


meratim rave SeCNSlUlVvivy Exponent decreased. 





V__CONCLUSIONS 


iveminuertiber Sspacine decreases linearly with tne 
inverse -oUueme LOOn 20 UNCErOl Ciara Lle, — [ne Sensi = 
Bic oywOor GC COMDOs tbe Tora sSlurbences during 
SoligGirication 2ncresses with increasine erovuh rave, 
At higher growth rates, disturbances do not damp out, 
resulting in defective microstructure. 

Voeh anereasing GCempecravure, tne tensile strengunnor 
the composite decreases rapidly and then levels off 
after 250°C. Strength increases with growth rate 
from 3.5 to 5.2 cm/hr. The microstructural defects 
encountered in specimens grown in excess of 5.2 cm/hr 
do not permit a proper evaluation of the sample 
Sureneur charac verleUrcs. 

Tne 6,13 and 6.2 wt % Ni composites were both prone 
be Ceireclive MicCroSvimeumrc Aupuhe mic temmetc ee 
rates. The maximum tensile strength of the 6.2 wt % 
Ni specimens, however, Was considerably higher than 
the specimens With smal leremuewe ll Convent. ora: 
TEMpCTalures ANG SrOvweni Paves eros vcd. 

Vensi le Specimnems that fai Pi cimieh joc eecdrcres. 
section or symmetrical cross section are indicative 
of good fiber alignment and few grains. Specimens 


that fail in mavrix Shear with high vensile streneuis 


moe 
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ivgecate sood fiber alignment but at an angle to the 
Cele ie eGo ee Ue CCV IVe MI CVOStrYelure, Novever, 
results in (1) matrix shear at low ultimate strength, 
and (2) broken coarse fibers at fiber depleted grain 
boundaries. 

Defective microstructures are believed to be the 
result of (1) vibration transmission to the carbon 
boat, (2) heat transfer fluctuations, and (3) nuclea- 
tion cites at the base of the carbon boat, left after 
machining. At lower growth rates these effects are 
overcome and largely disappear. At higher growth 
raves, nowever, defective growth continues throughout 
ire UC ioe take 

Unusual uniform elongation over the gage length is a 
Nien “GelipGracure Cnarecuenris .1C Of spec Mmomamu an 
combine multiple grains with misaligned fibers, 
Although the ALN). fibers interfere with matrix shear, 
the combination of fiber depleted grain boundaries 
and misaligned fibers allows parallel shear planes to 
occur throughout tne gage length. 

the Composite aoes not deform superplestrcalily aie 
Lemperatpure ranee wo Vo SOO" Cs As the percent elionga- 
tion increases, the strain Travewsevetuivity ange. 


decreases, at small values. 





Soe 


Vi _ RECOMMENDATIONS 


A 


DiLIComen Minit OChme Mike rOsSbpeec use Was diftfiLcule Go 


preein at Hietet eT OWVU ere cea eo eaicbLua | Cause Of Ehe 


Temccrs SMOuId DS Anvesticoated, 


live 


SECA Ves tabeuanG trenoleme —lTeers One micro— 
structure of known changes in flow rate of 
cooling water and argon gas (in the absence 

of all vibrations) should be investigated 

rclMovaler: \rigicee LSva sono (orl) wicrelsisys olabinisre ceive) arzi dal), 
SOolidifiled 420 Various erovun raves. 

Vibrations of known energy and frequency could 
be induced at the furnace frame (in the absence 
of heat transfer disturbances), and measure- 
ments made of Tneixr e€lLrecls on MIcCVrOstrie ure 


in the Same manner @&@s above, 
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MELT / 
oPECIMEN 


ge GAD PO 


1/1. 
Wie 
iS 
1/4 
BS: 
27/06 
2/7 
2/8 
3/9 
3/i1 
3/12 
Ey 
Bye 
HES: 
Sy Ae 
Ny ply 
i720 
B24 
2/22 
2/23 
2/24 
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Se 
ee 
6.9 
6.9 
9.4 
9.4 
P 
Se 
bere 
one 
6.9 
9.4 
9.4 
365 
ove 
6.9 
6.9 
9. 4b 
9.4 


Wt % 


Owe 
6t2 
OF 
SaaS 
Ons 
Sal 5 
6.13 
oe is: 
Ons 


22 
250 
250 
250 
250 
250 


250 





o(psi) 


eed 


36700 
37600 
45600 
44700 
Sooo 
38100 
26200 
300 
35500 
1.5800 
45000 
26900 
31700 
4.0300 
19600 
14800 
16280 

8400 


8700 


All Specimens Tensile Tested 
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(FIGURE XIII) 
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2-11 Cross sé@etion (cone) 
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2.45 
2/46 
2075 
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glee ine 
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Cross 
Shear 
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Shear 
shear 
Cross 
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section (jagged) 


(jagged) 


section (cone) 


( jagged ) 
section (jagged) 
section (jagged) 


(jagged ) 


Grip failure 


Cross 
Shear 
CrOSS 


Cross 


section (jagged) 


section (jagged) 


section (jagged) 


Grap failure 


Cross 


Shear 


Shesr 


Shear 


section (jagged) 


( jagged ) 
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MELT/ wt 7% TYPE FRACTURE 
SEC UUO Ne ee Opes) ef CM PIGURE XIII) 

3/25 SemCec 250m 24300) Jeld Cross section. (conc) 

3726 Gao P 6-2 2504 1O000, 3.09. Shear 

B27 5.2 Ae yeES 22800 2.93 Cross section (cone) 

By 28 Ae 6.2 250 23100 2091 > Cross section ( jaecedq) 

3/29 6.9 6aee - 250 Levin 2.89 Cross section (cone) 

By 30 6.9 One 2a) ease O16 2279 Shear 

B77 3k OF nO he eae OOM 7 te trolican 

3/32 sn 16,2 250)" 16500 3,0 a sneer 

1/33 3.5 «6.13 375 = 7100 1.93” Shear (jagged) 

1/34 Bohl eg 37s 8900 3.07" Shear (jagged) 

1/36 Bie) Gras 375 9300 2,61” Shear 

2/37 6.9 6.13 375 7400 2.52” Shear 

2/38 6.9 6.13 375 5200 1.9” Shear 

2/39 9,4 Catens75 5100 1.78 Shear 

2/40 Oaths pon is. 375 7700 2.04 Cross Section (jarsea® 

3/41 3.5 6.2 375 12000 2.49 Shear (jagged) 

3/42 3.5 6.2 375 11400 2.4% Shear (jagged) 

3/43 Se2 Gye 75 13900 3,13. Cross section (jaccee” 

3 fH Cae 6a2 37, O® 2.79 Gross sectica, (cence) 

3/45 oo Gye 375 11400 pgs Cross section (cone) 

3/146 649 652 °°375 11450 2 ohhesr (jac) 

3/47 Cp wie 7800 2.59 Shear (jagged 

1/19 oes 6.13 500 3500 jG eee eee 

1/50 Be 5 6.13 500 5000 2.49 Cross section (cone) 

1/514 Gael) (omls 500 6400 2.62 Shear 





MELT / 


SPECINEN 


1/52 
ay 
2/ 5+ 
2/55 
2/56 
B77 
3/59 
3/60 
eye 
3/62 
3/63 
3/64 


Unusually large elongation after yield. 


R 
See 
6.9 
6.9 
9.44 
9.4 
35 
ae 
ee 
6.9 
6.9 
9.4 


Ores 


wt % 
eee ete 
6.13 500 
6.13 500 
6.13 500 
6.13 500 
Ose See 
Onc 500 
Ome 500 
6.2 500 
6.2 500 
6.2 500 
6.2 500 
6.2 500 


_ oO (psi) 


6500 
5500 
5100 
3000 
3200 
6600 
ECO 
8600 
3100 
4300 
8400 
6300 


& % 
2.43 
Zot 
2.09 
2 si 
2.99" 
Ze O 
et 
are 5 
2 ane 
Zeige 
Bal 
2.65" 


shear 
Shear 
ohear 
ohear 
SN OGIEN & 
Cross 
pheate 
Cross 
wi glerehe 
phear 
Cross 


shear 


4285 a 


Tr io ee tees 


Be INCI EIA) 


section (jagged) 
(jagged) 


section (cone) 


section (cone) 


(jagged) 
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CemetaCroOsturueclLure Survey 


" MELT/  #&R # GRAINS a ee, 
OPECIMEN cm/hr X-SECTION COMMENTS a 
77 B45 3 Good fiber alignment some broken 
fibers (not at grain boundaries), . 
28. bee al Excellent fiber alignment. 
27 ei 6.9 i Misalignment about 10°, fibder 


ends bent at fracture surface, 


2/22 6.9 7 Hisalignment about 30°, broken 
coarse fibers alone grain 
boundaries. 


2/23 9.4 5 Misalignment about 20°, broken 
coarse fibers along grain 
boundaries. 


2 fel 9.4 5 Misalignment about 30°, broken 
coarse fibers, 

CULES OS 1 Excellent fiber alignment. 

BS CAE oun zZ Excellent fiber alignment, fiber 
CndS=DeEnU Slisnuly 2y trac rare 
surface and at second Shear plene 
berallel ve 8 reactiure: 

Bye7 Sie il Excellent fiber alignment. 

Sys bree il Excellent fiber alignment, started 
CO Pes) Wnemaer is shear. 

3/29 6.9 2 Good fiber alignment, no broken 
Piderssroe ced. 

3/30 6.9 7 Misalignment about 30°, broken 
coarse fibers at grain boundaries, 

3/31 94 by Same aS above, 

B32 9.4 5 Misalignment ebout 10°, broken 
fibers av erain vpounderics, 

2/5u 6.9 5 Misalignment abovt 15°, few 


broken fibers at gerain boundaries. 





ye 
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MELT/ BR #f GRAINS 
SPECIMEN om/hr X-SECTION COMMENTS _ 

(2/55 9.4 8 Misalignment about 10°, consider- 
able grain boundary area with 
Dmokeme, UDemer 

3/63 9.4 2 Good alignment except at apex of 
cone where Tibers changed direc- 
tion, possible misalignment with 
tensile axis. 

3/64 9.4 2 Good alignment, broken fibers at 


grain boundary. 
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Fieure XIJJ, Characteristic 
modes of failure, From left: 
Cross-section (cone); cross- 
section (jagped); shear: and 
Shear (jagged), 





Fieure XIV. Nirectional 


solidification furnace, 





B. DESCRIPTION OF APPARATUS 

1. Unidirectional Solidification Equipment (Figure 

XIV) and its associated speed and temperature 
COonurols, 

The furnace used for the directionel solidification of 
the composite was built by R. Render, W. Marsh, and the 
author. The heating element consisted of two scts of 
resistance coils mounted vertically and connected in paral- 
lel. The rated capacity of cach set was 9 amperes at 115 
volts, 60 cps; 1000°C. The internal diameter and length 
of the cylindrical elements was 3.5 and 12 inches respec- 
tively) insulation for the furnace consisved of tne 
fenlowine: 

(a) Vermiculite between an eight inch diameter 
stainless steel sheetmetal cylinder and the 
heating elements, 

(b) Insulating jacket on the outside of the stain- 
less steel cylinder consisved or Glows yer asa: 
aluminum foil, two layers of asbestos cloth, 
and one layer of Spun glass. 

(c) 4" transite spacers between the heating 
elements and the aluminum end plates, 

A temperature control thermocouple Was locatcd at the 
middle of the twelve inch heating element. To prevent 
failure of the heating elements, a variac and an ammeter 
Were iansvalled in the controller civevu2trmee Dori ieee oo 


fication the current was limited to 6.5 amperes to eecn 
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heetame corly The Cemperacture at the base of the carbon 
boat was monitored by a thermocouple located one inch 
above the chill water heat sink. 

Rectified AC power was supplied througn a variac to 
mae OC Grive motor. The movor was rated at 115 volts, 
m200 KPM. By adjusting the terminal voltage to the drive 
motor, the verticle growth rate could be regulated in the 
range of 2-10 cm/hr. 

Atmosphere control was accomplished by evacuating the 
mecor Cylinder and then purging it with welding grade 
argon. This procedure was done three times; after which a 
positive pressure of argon Was maintained in the Vycor 
eylinder to prevent oxygen contamination. 

At the end of a solidification run, the furnace and 
Hever Orive Units were Shuv Off oy a mMicroswi ben, 

2, Temperature Control end Monitoring Equipment - 

evioseue esis 

ine TWrnace and 1bS Veémperature CcComeroOls Mere pu er 
by KR. Render. The heating elements were two half-cylinder 
mesiSvence collis, twelve inches Lone. Wil aie ie tee 
of 0.75 irches. The coils were instelled ina Sheetmetal 
eylinder which was cut in half lengthwise and hinged. 
Between the heating elements and the metal cylinder halves, 
Pireorick Was Fitted Tor snsvlevione tie elansne li tae. 
permavted “easy access to the Imsctrcomwerips Tories laa 


and removing test samples. The two hinged halves were 
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clamped together during a test run. For temperature con- 
Pol end monicering, two vhermocouples were placed in 
receptacles ony the Upper erip. lhe bemperature convrol 
electrical connections were the Same as tnose for the 


Girectional growth furnace. 
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